We address the problem of achromatization of an optical system for the realization of planar-integrated, free-space optics. In particular we demonstrate an integrated optical Fourier transformation module that was achromatized for the visible spectrum by means of a diffractive lens doublet. The optical system design is studied by using the parabolic approximation of the scalar diffraction theory, including terms related to astigmatism. Based on the method of ABCD ray matrices, the optical specifications of the lens doublet are derived and the chromatic correction effect is quantified. For experimental confirmation the diffraction patterns of various grating structures are evaluated.
Introduction
Planar-integrated, free-space optical (PIFSO) systems are based on miniaturizing and folding conventional free-space optical systems into planar transparent substrates and on fabricating them by means of lithography-based, batch-processing techniques. 1 This provides compatibility with modern (opto)electronics and makes PIFSO systems an ideal platform for complex photonic microsystems: Array generators, 2 optical correlators, 3 massively parallel 4 and vector-matrix-type optical interconnects, 5, 6 wavelength division multiplexers, and demultiplexers 7 are a few possibilities that this technology may offer for short-range optical communications. Moreover this integration approach can also be made compatible with fiber optics, which is the established technology in the long-and medium-range communication domains. 8 Although other implementations are conceivable, PIFSO systems are often implemented with diffractive optical elements (DOEs) because they provide a large amount of design flexibility and high accuracy achievable with a comparatively low fabrication effort. Any optical system, however, based on DOEs is subject to the wavelength dependence of free-space propagation. 9 On the other hand, for many practically important light sources the emission bandwidth is broadband (as in a white-light, light-emitting diode or ultrafast lasers) or the emission wavelength drifts with temperature (as with vertical-cavity surfaceemitting lasers). Furthermore some applications require optical systems that can handle a set of different wavelengths. Important examples are wavelength division multiplexers, which are nowadays used extensively to increase bandwidth in communication devices 7, 10 or color processors that exploit, such as human vision, color information from input scenes. 11 Recently a method has been presented for designing paraxial-domain diffractive elements working over a broadband frequency range with high efficiency. 12 Remember, however, that the diffraction properties of the field in the region behind the element still remain wavelength dependent.
Earlier work related to the use of PIFSO with broadband illumination was focused on the fabrication of reflective microlenses by means of e-beam lithography. 13 These microlenses are concave mirrors with a constant image focal length for all the wavelengths of the source. Therefore these elements are well adapted to broadband imaging purposes. However, even if only DOEs are used in a system, it may be used over a finite wavelength range without significant deterioration in performance. This was analyzed in Ref. 14 and exploited more specifically in Ref. 15 where a white-light holographic doublet was proposed to reconstruct three-dimensional images. In the latter case the spectral selectivity of the first hologram was used to select a narrow bandwidth for the display.
A second key function besides imaging that can be carried out optically in interconnection and signalprocessing applications is Fourier transformation.
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A planar-integrated Fourier transformer module without phase errors has been proposed. 17 Owing to the intrinsic properties of the propagation of electromagnetic waves, the Fraunhofer diffraction pattern of an arbitrary diffracting screen illuminated with a broadband source obtained at the back focal plane of an ideal refractive lens (RL) has strong lateral chromatic distortion as shown schematically in Fig. 1 . Different methods have been applied in bulk optics to compensate for this chromatic dispersion when allglass, achromatic, Fourier-transform lenses 18, 19 and combinations of holographic and strongly dispersive refractive elements in cascade are used. 20 However, dispersion-compensated Fourier transformers that combine only diffractive lenses and ideal nondispersive refractive objectives are certainly easier to handle. [21] [22] [23] [24] [25] [26] [27] [28] As a first example of the application of achromatic systems to planar optics we have developed a PIFSO achromatic Fourier transformer (AFT). For our integration purposes the scale-tunable AFT in Refs. 27 and 28 appears to be the most suitable system. In Section 2 we review the main characteristics of the AFT. In Section 3 the design of the PIFSO-AFT module is made into the framework of the parabolic approximation of the scalar diffraction theory applied to tilt the optical axis and is described by the ABCD ray matrices. Finally in Section 4 we describe the fabrication characteristics of the achromatic Fourier module and show some experimental results.
Achromatic Fourier Transformer in Bulk Optics
The propagation of electromagnetic waves in free space is a physical phenomenon that explicitly depends on the wavelength of light. In an optical Fourier transformer, broadband-dispersion compensation is required if the diffraction pattern must be identical with respect to all the spectral components of the incident light. The compensating procedure lies in achieving an incoherent superposition of the monochromatic versions of the Fraunhofer pattern in a single plane and with the same scale for all the temporal components of the source. Achromatic optical Fourier transformers meet the above requirement in a firstorder approximation. For white-light illumination all diffraction orders should then, unlike in Fig. 1 , appear as well-focused white spots as in Fig. 2 .
In general the task of compensating for the dispersion of the diffraction pattern requires optical elements that are themselves dispersive in nature. The AFT is constituted of diffractive lenses (DLs). Since diffractive elements are usually fabricated by binaryoptics technology and have a limited diffraction efficiency, it is recommended that their total number be kept as low as possible to minimize the loss. The bulk achromatic Fourier transformer that we adapted to the PIFSO system consists of a diffractive doublet as shown in Fig. 2 . The input object is illuminated by a converging beam that has a virtual focus at a distance z from the transparency in the on-axis position of the second DL. DL 1 and DL 2 represent diffractive lenses separated by a distance d. The image focal lengths of DL 1 and DL 2 are Z 1 ϭ f 1 ͞ 0 and Z 2 ϭ f s ͞ 0 , respectively, where ϭ 1͞ is the wave number. Finally the output plane of the system is located a distance d= from DL 2 and corresponds to the Fraunhofer plane of the setup for the design wave number.
By means of the geometrical-optics description as in Ref. 27 and based on a step-by-step calculation of the Fresnel diffraction integral as in Ref. 28 , two system conditions for achieving an achromatic Fraunhofer pattern in irradiance are derived:
Since the achromatic Fourier transformation is achieved in a first-order theory, the proposed setup suffers from residual chromatic aberrations. A good measure of the longitudinal chromatic aberration (LCA) and transversal chromatic aberration (TCA) can be obtained from LCA ϭ 100
where dЈ͑͒ indicates the wavelength-dependent distance from DL 2 to the Fraunhofer plane and x͑͒ is the scale of the Fourier transform in the x direction for wave number . Note that the TCA in the y direction has the same value as in the x direction. These chromatic aberrations, CA, both axial and transversal, have the same value as given by CA ϭ 100
Then, with a suitable selection of the ratio between the image focal distances of the DLs and the design wave number, the chromatic aberrations can be reduced to less than 10%. For more detailed information about the AFT, see Refs. 27 and 28.
Design of the Planar-Integrated System Version by Use of Ray Matrices
In most applications including this one the RayleighSommerfeld theory for scalar diffraction can be approximated to reduce the mathematical complexity of the integral expression. It is well known that, with the assumption that the distance between the input and the output planes is larger than their lateral dimensions, the Fresnel approximation for on-axis waves can be used. With this approximation the output amplitude distribution U͑x, y; ͒ in a certain plane z perpendicular to an optical axis, see Fig. 3 , can be calculated from the initial amplitude of a signal, t͑x 0 , y 0 ͒, in the following way: (4) where is the wave number in the propagation medium and where some irrelevant constant factors have been omitted. Now, if we consider a general optical system with revolution symmetry that is described by a certain ABCD ray matrix corresponding to propagation between the input and the output planes, the Fresnel diffraction integral becomes 29, 30 U(x, y;
One inherent property of planar optical systems is the propagation of light signals along an oblique optical axis tilted by an angle that is typically of the order of 10 deg (Fig. 3) . In this case the mathematical approximations that lead to Eq. (4) are no longer valid in general, which means that a more sophisticated mathematical treatment is required. By applying the scalar diffraction theory for the case of a paraxial wave propagating along a tilted optical axis and by performing a parabolic approximation in a nonorthogonal coordinate system, we can write the output amplitude distribution in the coordinate system ͑x i , y i ͒ as 17, 31, 32 U(x i , y i ; ) ϭ exp ͫ i ͩ 
In this expression the asymmetry between the x i and y i coordinate becomes evident. The effects of the astigmatism, because the optical signal and elements in a planar system are not perpendicular to the op- tical axis, are included in the diffraction integral. Note that for a change of variables x 0 Ј ϭ x 0 cos 3 and y 0 Ј ϭ y 0 cos the only difference between the on-axis case is that the output intensity distribution has a scale change between the x i and the y i coordinates. This means that, except for a scale factor, we can assume the same kind of intensity diffraction patterns for Eqs. (4), and (6). If we consider now a general optical system, we can also apply the ABCD law, but, owing to the asymmetry, we obtain
B y y i y 0ͪͬ dx 0 dy 0 .
So, a complete description of a planar optical system requires a separate ABCD matrix for each direction. Table 1 shows a few examples of elementary ray matrices used for designing planar systems. Note at this point that, because we consider the wave number in the propagation medium, the focal length of the diffractive lenses f already corresponds to the glass substrate of the planar optical system. The design of the PIFSO-AFT module is schematically shown in Fig. 4 . An achromatic refractive micro-objective generates the converging beam that illuminates the input object (relayed over the planar substrate). The two diffractive lenses are operated in reflection and integrated on a glass wafer of thickness h. The planar integration restricts the distances between the diffractive elements to a multiple of h. To reduce fabrication complexity it is desirable to integrate all the diffractive lenses on the same side of the substrate.
The ABCD matrix of the PIFSO-AFT configuration for the x i direction corresponds to
In Eq. (8) the individual matrices have the following meaning (from right to left): a converging source that illuminates the object and focuses over DL 2 , freespace propagation inside the substrate across an effective distance h͞cos 3 , the astigmatic diffractive lens DL 1 , a free-space propagation inside the wafer between the two diffractive lenses; the astigmatic diffractive lens DL 2 , and finally a free-space propagation between DL 2 and the output plane.
To achieve an achromatic correction of both the position and scale of the Fraunhofer pattern of the input, according to Eq. (7), the system must accomplish for the x i direction that Equations (9a) ensure that the output amplitude distribution of the system for wave number 0 is the Fraunhofer pattern of the input and moreover that a stationary value of the quadratic exponential of the Fresnel integral is obtained. Equation (9b) leads to an achromatic correction of the scale factor of the Fourier transformation. Straightforward mathematical calculus leads to the following design conditions for PIFSO-AFT:
The two diffractive lenses have to have equal focusing power but with opposite sign. Note that the results in Eq. (10) agree with those given in Eq. (1) after d ϭ dЈ ϭ 2h is considered. Similar calculations provide identical relations for the focal length of the DLs in the y i direction. However, owing to the anamorphic behavior of the system, the scale factor of the Fourier transform is different for each direction. From Eq. (7) the scale factor in the Fraunhofer plane for the design wave number is
where and are the spatial frequencies. This different scale in each direction because of the tilt of the axis was also a point in Ref. 
Practical Implementation and Experiments
The PIFSO-AFT module was fabricated by optical lithography with UV light and reactive ion etching. This ensures precise positioning of all the elements on the glass wafer. With the available equipment, minimum features of ϳ1 m could be realized. The system was constructed in a quartz glass substrate of thickness h ϭ 3 mm and refractive index n ϭ 1.45. As the light source a white-light high-pressure mercury arc lamp was used that has substantial light emission throughout the whole visible spectrum. Light was coupled into the setup through a single-mode optical fiber. Figure 5 shows the experimental setup and the quartz substrate; encircled is the PIFSO-AFT that was designed for the visible spectrum.
If we assume a source bandwidth of ⌬ ϭ 1600 mm Ϫ1 centered around a design wave number of 0 ϭ 2570 mm Ϫ1 (corresponding to 388 nm in a substrate with a refractive index of 1.45), then in accordance with Eq. (12) the chromatic errors are ϳ7%. We neglect the refractive-index variation of the wavelength in the spectral range of the broadband source. The angle of light propagation inside the substrate has a nominal value of ϭ 13.73°. This provides from Eq. (11) a scale change between the x i and y i coordinates of cos 2 ϭ 0.94. Following Eq. (10) the image focal distances for the four-phase-level DLs etched into the bottom surface of the substrate are f 2 ϭ Ϫ f 1 ϭ 6 mm. A diffractive lens with four phase levels has a theoretical efficiency of approximately 81% for the design wave number. The two lenses used in our setup therefore provide the setup's diffraction efficiency of 65% for 0 . If we also consider fabrication errors and losses due to mirrors, the overall efficiency of the system is slightly lower.
In Fig. 6 we present the experimental results obtained with a (black-and-white) CCD camera and the architecture of Fig. 4 . As input objects two different binary amplitude patterns on microscopic cover slides are used. The first is a computer-generated hologram (CGH) designed by an iterative Fouriertransform algorithm. The hologram produces a starlike image in the Fourier plane. The upper row in Fig.  6 corresponds to the star CGH. Figure 6(a) shows the irradiance observed in the Fourier plane when light passes through a substrate composed only of mirrors, thus corresponding to the setup in Fig. 1. Figure 6(b) shows the situation with the PIFSO-AFT module.
The second is a regular Ronchi ruling. It is well know that the Fourier transform of the amplitude transmittance of the grating consists or a discrete series of diffraction orders. The lower row in Fig. 6 shows the respective results for the Ronchi ruling together with the linear intensity scans across the center of the peaks. The achromatization effect is obvious, especially from a comparison of the third diffraction orders of the Ronchi ruling. In Fig. 6(d) the diffraction spot is spatially well confined, whereas it is smeared in Fig. 6(c) .
These experimental results show the validity of our PIFSO-AFT in working with broadband light for image processing or an optical interconnection. The only attention that must be given to data-processing applications is the scale change of the Fourier transform for each direction.
Conclusions
We have demonstrated theoretically and experimentally the implementation of an achromatic Fourier transformer in a planar-optics configuration. In this way we can overcome one of the greatest drawbacks of planar-integrated Fourier modules illuminated with broadband light, the chromatic aberration obtained in the Fraunhofer pattern owing to the wavelength dependence of free-space propagation.
We have exploited the chromatic aberration associated with diffractive lenses to fabricate the PIFSO-AFT module. The study of light propagation through the planar system has been carried out in the framework of the scalar diffraction theory in terms of the ABCD matrices for the tilt axis devices. This allows us to obtain design constraints for the setup. Note that the PIFSO-AFT is an anamorphic system so that the Fourier transformation provides a different magnification in the x and y direction.
Furthermore the validity of the setup was experimentally evaluated by the realization of the achromatic Fourier transformation of a CGH and a onedimensional Ronchi grating with white light. Studies to increase the integration ability of the system are currently on going. 
